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The elaboration of neural
circuits requires the formation of
huge numbers of synapses.
Navigating enormous distances
and complex terrain in cellular
brain space, axons and
dendrites contact each other,
culminating in the differentiation
of presynaptic terminals and
postsynaptic specializations
[1,2]. This remarkable cellular
conversion occurs most robustly
during a short period of
postnatal development and
occurs with a spatial precision
that ensures the right number of
synapses are made in the right
places. Because of their
importance in establishing neural
connectivity, the molecules and
mechanisms involved in
assembling synapses have been
the objects of considerable
inquiry.
Quite naturally, studies to date
have focused on the intial
recognition and adhesion events
that occur between presynaptic
and postsynaptic neurons [3].
Following contact, intraneuronal
signaling pathways result in the
organization of the presynaptic
active zone and accumulation of
synaptic vesicles in the
presynaptic terminal, and trigger
recruitment of postsynaptic
scaffolding molecules and
neurotransmitter receptors at the
postsynaptic membrane [1,2].
Often considered mere voyeurs to
this synaptic courtship, glial cells
surround and ensheathe
synapses, witness to the cellular
changes that follow the first
touch. The notion of glial cells as
passive bystanders during
synaptogenesis has been
upended in recent years by the
discovery that retinal ganglion
cells in primary culture form few
synapses unless they are co-
cultured with a noncontacting
feeder layer of astrocytes [4–7],
pointing to a requirement for
soluble glial-derived signals. One
such signal is cholesterol
secreted by astrocytes
complexed with apolipoprotein E
[5]. A recent paper from the
laboratory of Ben Barres [8] now
identifies thrombospondins as
proteinaceous components of the
synaptogenic material
expectorated by astrocytes.
Christopherson et al. [8] began
by fractionating astrocyte
conditioned medium and
showing that high molecular
mass components (>100 kDa)
elicited the same synapse
promoting properties on cultured
retinal ganglion cells as complete
conditioned medium or astrocyte
feeder layers. This suggested
that a large molecule or
molecular complex was
responsible for the synapse
promoting activity. Based in part
on their observation that the
synaptogenic activity bound
heparin, the authors reasoned
that the activity was likely an
extracellular matrix protein.
Testing a large panel of such
proteins, they found that
members of one particular
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Trillions of synapses form as the brain develops. This intimate
contact between two neurons has now been shown to be
facilitated by thrombospondins — large extracellular matrix
proteins secreted by astrocytes.
extracellular matrix protein
family, thrombospondins 1 and 2
(TSP1/2), dramatically increase
the number of synapses.
What are thrombospondins? As
the name suggests,
thrombospondins were initially
identified and studied based on
their role in platelet activation and
cell migration in the vascular
system [9,10]. The prototypical
family member TSP1 is a 450 kDa
homotrimer shown more than 30
years ago [11–13] to be a major
component of platelet α-granules
released upon platelet activation.
TSP1 augments platelet
aggregation, stimulates leukocyte
adhesion and extravasation, and
promotes endothelial activation
and redifferentiation during
angiogenesis [9,10]. More broadly,
thrombospondins regulate cell
motility, growth and differentiation
in diverse cell types and
tissues [9,10].
Thrombospondins consist of
several protein domains which
mediate cell–cell and cell–matrix
interactions by binding a large
array of membrane receptors,
other extracellular matrix proteins
and growth factors [9,10]
(Figure 1). The multivalent and
multifunctional nature of
thrombospondins make them
attractive candidates for
triggering large scale adhesive
and signaling changes at cell
surfaces — properties one might
expect for a synaptogenic
molecule. Notably, there are five
thrombospondins, each encoded
by a separate gene. And,
although several
thrombospondins are expressed
in the brain, the function of these
thrombospondins in the nervous
system has been unclear.
Consistent with a potential role as
a high molecular mass astrocyte-
derived soluble synaptogenic
factor, thrombospondins form
large oligomeric complexes, are
known to be produced by
astrocytes [14], and are localized
to some CNS synapses as well as
the neuromuscular junction [15].
Christopherson et al. [8] found
that addition of purified TSP1, or
the structurally similar TSP2,
stimulates a dramatic dose-
dependent proliferation of retinal
ganglion cell synapses that
recapitulates all of the salient
synaptogenic features of
astrocyte-conditioned medium.
Induced synapses are
ultastructurally normal and exhibit
numerous expected molecular
markers of presynaptic and
postsynaptic specializations.
Moreover, immunodepletion of
TSP2 (TSP1 protein was not
detectably produced by
astrocytes) from astroctye-
conditioned medium abrogated
the synaptogenic activity. Thus,
TSP1/2 is both necessary and
sufficient for astrocyte-stimulated
synaptogenesis.
But are these synapses
functional? In FM dye and lumenal
synaptotagmin antibody-uptake
experiments, Christopherson et al.
[8] found that TSP1/2-induced
synapses are presynapticaly
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Figure 1. Proposed role for thrombospondin in synaptogenesis. 
(A) Along with cholesterol-bound apolipoprotein E (chol/ApoE) and other undetermined factors, thrombospondin (TSP) is secreted by
astrocytes into the extracellular matrix (ECM). Although its precise mechanisms of action are not known, TSP may halt the migration
of axonal or dendritic growth cones, promote the adhesion of nascent presynaptic (pre) and postsynaptic (post) contact sites, or acti-
vate signaling receptors that trigger programs for synaptic differentiation. Ultimately, TSP leads to the clustering and apposition of
presynaptic active zone (AZ) components, synaptic vesicles (SV), and scaffolds of the postsynaptic density (PSD). (B) Domain struc-
ture and binding partners of TSP. The protein consists of an amino-terminal heparin binding domain (HBD) that binds heparan sulfate
and chrondoitin sulfate proteoglycans (HSPG, CSPG), a disulfide-bonded central stalk region consisting of the procollagen (PC)-like
domain plus the type 1 (properdin or malaria-like) and type 2 (EGF-like) repeats that associates with LDL-related protein receptors
(LRP), CD36 (platelet glycoprotein IV), and transforming growth factor β (TGFβ), a large globular carboxy-terminal region consisting
of the calcium binding repeats (Ca2+ BR), the last of which contains an RGD sequence that binds integrins, and a carboxy-terminal
cell binding domain (CBD) that binds to a ubiquitous receptor called integrin associated protein (IAP) or CD47 which physically asso-
ciates with a number of integrins. The complete array of domains and binding partners is not shown.
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Thrombospondin
active, exhibiting activity-
dependent synaptic vesicle
recycling. But electrophysiological
recordings revealed no effect of
TSP1/2 on the frequency of
miniature excitatory postsynaptic
currents (mEPSCs). Although this
observation might seem
surprising, it can be explained if
the newly formed synapses lack
AMPA-type glutamate receptors,
the neurotransmitter receptors
that mediate synaptic
transmission at these excitatory
synapses. In fact, such AMPA
receptor-lacking, ‘silent’ synapses
are frequently observed during
early development at excitatory
synapses throughout the CNS [16].
How general is thrombospondin-
mediated synapse formation? One
clue is that TSP1 and TSP2 are
expressed at high levels in early
postnatal rat cortex and superior
colliculus during the period of
intense synaptogenesis but decline
in the adult. Further,
immunocytochemical analysis
revealed a 25–40% decrease in the
density of synaptic puncta in the
cortices of postnatal (P8 and P21)
mice lacking both TSP1 and TSP2. 
TSP1 and TSP2 thus contribute
to synapse formation in vivo. But
the perturbation in the TSP1/2
double knockout mice is not
nearly as pronounced as that
observed in retinal ganglion cell
cultures, perhaps reflecting the
contribution of other
thrombospondins or alternative
synaptogenic mechanisms. The
observed, albeit comparatively
mild, synaptic defect compels the
analysis of potential behavioral or
neurological phenotypes which
have not been reported for the
TSP1/2 mutant mice.
So what is the mechanism of
thrombospondin-mediated
synaptogenesis? Intriguingly, total
protein levels of the presynaptic
protein synaptotagmin and the
postsynaptic protein PSD-95 are
unaffected by thrombospondin (or
astrocyte conditioned medium),
indicating that thrombospondin
regulates the trafficking or cellular
localization of these molecules
and not their net synthesis or
degradation. Interestingly,
although the number of synaptic
puncta with colocalized
presynaptic and postsynaptic
markers was decreased in retinal
ganglion cells cultured with TSP2-
depleted media, there was still a
significant increase in the number
of single-labeled puncta
containing non-overlapping
synaptotagmin or PSD-95
immunoreactivity. 
These findings suggest that
TSP2 may enhance
synaptogenesis by inducing or
maintaining the alignment of pre-
and postsynaptic specializations,
an observation reminiscent of
neuromuscular synapses in mice
lacking laminin α4 [17]. Whether
thrombospondin initiates
synapses de novo or instead
stabilizes otherwise labile
synaptic contacts awaits more
detailed time lapse imaging.
It is tempting to postulate the
existence of an individual receptor
(or family of receptors) that acts
downstream of thrombospondin.
A more attractive possibility,
though, is that thrombospondin
coordinates a complex set of
binding interactions involving
growth factors, extracellular
matrix, adhesion molecules, and
receptors (Figure 1). This
multiplicity of potential functions
would enable thrombospondin to
promote physical adhesion and
simultaneously activate several
signaling and transcriptional
cascades required to build and
maintain synapses. In this regard,
it will be interesting to determine
whether specific domains of
thrombospondin mediate selected
aspects of synaptogenesis or are
sufficient to trigger synapse
formation.
Extracellular matrix molecules
have a long and illustrious history
in the biology of synapse
formation. Center stage has long
been occupied by agrin, a large
extracellular matrix protein whose
neuronally secreted form triggers
synapse formation at the
neuromuscular junction through
the action of the muscle-specific
receptor tyrosine kinase MuSK
[18,19]. That extracellular matrix
components regulate excitatory
synaptogenesis in the CNS has
nonetheless been strongly
suggested by findings that the
neuronal pentraxins NARP and
NP1 enhances AMPA receptor
clustering and excitatory synapse
formation at a subset of
glutamatergic synapses [20]. The
results of Christopherson et al. [8]
now add thrombospondins to the
growing list of important
extracellular matrix proteins
regulating synapse formation.
More work is clearly needed. In
particular, little is known about
what regulates the secretion of
thrombospondin by astrocytes.
Further, much remains to be
determined about the
mechanisms downstream of
thrombospondin, including such
basics as the relevant receptors
and binding partners. Are the
effects of thrombospondin limited
to glutamatergic synapses or do
they extend to inhibitory
GABAergic synapses? It is
tempting to speculate that
additional thrombospondin
isoforms may contribute in
selective ways or in selective
brain regions to synapse
formation. Finally, much more
work needs to be done in animals
lacking, overexpressing, or
exposed to thrombospondins.
Such in vivo studies will be
requisite for determining whether
the synaptogenic effect of
thrombospondin contributes to
complex behavior and neural
circuit function or could be
harnessed therapeutically to
promote regeneration or prevent
aberrant synaptic plasticity in
neurologic disease. The
identification of thrombospondins
as astrocyte-derived proteins
promoting synaptogenesis
emphasizes that glia act as
matchmakers for synaptic
consummation.
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The domestication of maize from
the wild grass teosinte was
accompanied by major
morphological changes, both in
vegetative and reproductive
structures. How this was
accomplished by early farmers,
and where this variation in
morphology came from, are
among the most fascinating
puzzles in evolutionary
developmental biology. A new
study [1] has provided more clues
by uncovering the role of one of
the major genes apparently
involved in maize domestication.
Using a candidate gene approach,
Gallavotti et al. [1] isolated and
genetically characterized the
barren stalk1 (ba1) gene, which
has been proposed as one of only
five or six major genes
responsible for most of the
morphological differences
between maize and teosinte, the
wild ancestor of maize [2]. This is
the second putative
domestication gene shown to be
involved in dramatic changes in
architectural traits, after teosinte
branched1(tb1) [2]. Both genes
control the formation of branching
and flowering structures, which
grow from clusters of stem cells
called lateral meristems.
Homozygous ba1 mutant maize
plants are unable to make any
lateral branches, which are
necessary to produce vegetative
branches, female inflorescences
or normal male tassels [1]. In
contrast, lateral branches grow
prolifically on tb1 mutants, which
even produce teosinte-like tassels
on the tips [2]. The analyses of
Gallavotti et al. [1] reveal that ba1
encodes a transcription factor,
and that one of its downstream
targets is tb1. Interestingly,
differences in function of tb1
alleles from wild teosinte and
domesticated corn appear to be
solely due to differences in
expression patterns [3]; there are
no fixed differences in amino acid
sequence of the protein. 
Thus maize domestication
appears to have depended in a
large part on changes in the
expression patterns of tb1,
resulting from both changes in the
regulatory regions of tb1 itself,
and from changes in one of the
proteins that regulates tb1
expression, Ba1. This cascading
effect of alterations in the
transcription factor Ba1 changes
the expression of tb1 (and
probably other genes as well),
which in turn has effects on
transcription of many downstream
products, leading to massive
alterations in branching and
inflorescences.
To appreciate the dramatic
effect of these and other major
domestication genes, it is
necessary to understand the
incredible differences in
morphology between maize and
its wild relatives. One of our most
important crops, maize was
domesticated about 6,000–12,000
years ago [4] from the wild
teosinte variety Zea mays ssp.
parviglumis, which still grows wild
in the Mexican Sierra Madre. The
morphological differences
between domesticated maize and
wild teosinte are so dramatic that
early taxonomists did not
recognize their close relationship.
While maize has potentially
hundreds of unprotected kernels
in 4–20 or more rows arranged on
a cob, teosinte has 6–12 kernels in
two rows and the kernels are
protected by a hard, stony
covering called a glume [5].
Moreover, when teosinte kernels
are ripe, they fall off the plant,
while ripe maize kernels remain on
the cob [5]. Along with the
development of the cob, massive
changes in plant architecture are
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Maize Genetics: The Treasure of
the Sierra Madre
Massive morphological changes occurred during the domestication
of maize from wild teosinte. Some of the most important shifts are
due to altered expression patterns of major regulatory genes.
